Other preferred substitutes for the CFCs are HFC-134a (CF3CH2F) and, to a lesser degree, HCFC-123 (CF3CHC12), HCFC-141b (CH3CC12F), HCFC-124 (CF3CHC1F), and HCFC-142b (CH3CC1F2). Their production has already started and that of HFC-134a is planned to increase rapidly over the coming years.
Introduction
Hydrochlorofluorocarbons (HCFCs) have substantially shorter atmospheric lifetimes due to oxidation by hydroxyl (OH) radicals and they are therefore less aggressive toward stratospheric ozone (03) than chlorofluorocarbons (CFCs). Hydrofluorocarbons (HFCs) contain no chlorine and therefore have no effect on stratospheric ozone. Furthermore, the global warming potentials (GWP) of the HCFCs and HFCs are significantly lower than those of the CFCs. To fully evaluate the chemical and climatic effects of HCFC and HFC usage, information on the atmospheric lifetime and the distribution of 
Model Description
The model used is the global three-dimensional photochemistry/transport model of the troposphere MOGUNTIA, which has been developed at the Max Planck Institute in Mainz. It has a spatial resolution of 10 ø latitude x 10 ø longitude x 100 hPa [Crutzen and Zimmermann, 1991] from the surface to 100 hPa. Tracer transport in the model is based on monthly means of observed wind fields from 1963 to 1973, compiled by Oort [1983] , and an eddy diffusion parameterization based on standard deviations of the winds. The model interhemispheric exchange time and the stratospheric loss parameterization have been successfully tested using 8•Kr [Zimmermann et al., 1989] and CFC-11 (CFC13). The deep convection which is of importance for the transport of short-lived species from the surface to the higher troposphere has been parameterized by Feichter and Crutzen [1990] and tested using 222Rn. The vertical exchange of mass by the clouds is derived from the conservation of water given the convective amount of precipitation and average large-scale temperature and humidity distribution [Feichter and Crutzen, 1990 The calculated hydroxyl radical concentration distribution has been tested for its capability to reproduce the observed methylchloroform (CH3CC13) mixing ratios at the ALE/ GAGE Stations [Prinn et al., 1992 [Prinn et al., , 1994 . CH3CC13 is emitted by industry in amounts known with an uncertainty of about 10% [Midgley, 1989] In the troposphere, CH3CC13 is mainly oxidized by the OH radical. The rate of this reaction has been recently reevaluated [Talukdar et al., 1992] resulting in 15-20% lower rate constants than previously. A small fraction (about 5%) is removed by hydrolysis in the oceans [Butler et al., 1991] . boundary layer (ra); two others are in the oceanic sublayer (rs) and in the oceanic mixed layer (to), respectively; and the last one is in the deep ocean (ra). As CH3CC13 hydrolyzes rather slowly in seawater, the main loss is expected to occur in the deep ocean. Thus the first three resistances can be neglected, and the oceanic loss rate (Lo) can be given by Using the OH field computed by the full photochemistry version of MOGUNTIA, we calculated the CH3CC13 distribution in the troposphere. The comparison between observed and calculated mixing ratios is shown in Figures 5a and 5b . CH3CC13 mixing ratios were measured at the ALE/GAGE network surface stations [Prinn et al., 1992] . Note that very recently, the measured CH3CC13 concentrations were recalibrated to be 17% lower than previously [Prinn et al., 1994] . The observed concentrations plotted in Figures 5a and 5b are corrected using the new calibration factor. Both the trend and the seasonality of the measurements are reasonably well reproduced by the model. The slopes of the calculated and measured CH3CC13 mixing ratios indicate that our calculated OH concentrations may be low by 20%. With respect to oxidation by tropospheric OH the turnover time of CH3CC13 is calculated to be 6.5 years. The overall atmospheric lifetime of CH3CC13, including a loss to the oceans and to the stratosphere, is calculated to be 5.3 years.
Considering the uncertainties in the measurements, rate constants, and emissions, we conclude that the calculated OH concentrations, without any correction, can be safely adopted for the purpose of the present study. 
Troposphere
As mentioned above, the OH, NO, NO2, and HO 2 concentration fields calculated with the full chemistry version of the model have been used to study the temporal and spatial distribution of several HCFCs, HFC-134a, and of their oxidation products in the troposphere. For this we consider a total of more than 100 gas phase reactions involved in the photochemical removal of HCFC-22, HCFC-123, HCFC-124, HFC-134a, HCFC-141b, HCFC-142b, and their oxidation products. We also consider heterogeneous removal processes (oceanic removal, washout, and hydrolysis in clouds) of the HCFCs and some of their oxidation products. The Henry's law coefficients and the hydrolysis rates, used to calculate the heterogeneous loss rates, are given in Table 1 . The gas phase chemical reactions describing the HCFCs and HFC-134a oxidation in the troposphere and the corresponding reaction rate coefficients adopted in this study are summarized in Table 2 . Simplifications are made concerning the chemistry of the CF30 radical. Reaction rates of the CF30 radical with NO, NO2, CO, hydrocarbons, and CH20 have been measured [Saathoffand Zellner, 1993] and there is continuing research on this topic [Franklin, 1993] . COF 2 has been identified as a product from CF30 reaction with NO. The CF3OH formed from the reaction of CF30 with hydrocarbons is also very quickly decomposed to COF 2 (see detailed discussion by Saathoff and Zellner [1993] and Franklin [1993] ). Thus to simplify this complicated CF30 chemistry, we assume an instantaneous yield of unity for COF 2 from the CF30 radical, justified by the fast reaction rates of the above mentioned reactions. Organic nitrate formation by reaction of halogenated alkylperoxy radicals with nitrogen oxide (RO 2 + NO -• RONO2) is neglected here because the branching ratio between nitrate production and halogenated alkoxy radical formation (RO 2 q-NO --> RO q-NO2) has not yet been determined. Not all of the gas phase reaction rates involved in the chemistry of HCFCs and HFC-134a have been measured at present and thus assumptions on the others have to be made. The results presented here may depend on these assumptions (Table 2 ) and thus the relative importance of these reactions might change when more measurements become available.
Nonreactive Rainout
The nonreactive rainout of CC1F2OONO2, CC1F2OOH , COF2, COFC1, HCOF, CF3COF , CF3COC1 , CC12FCOOH , CC1F2COOH, and trifluoroacetic acid (TFA) is taken into consideration using the parameterization presented by Junge [1957] . The rate of the removal Lp (s -1) is taken to be proportional to the average rate of formation of precipitation P (g m -3 s -•) and to the dimensionless scavenging efficiency e which depends on the solubility of the species according to the Henry's law constants (Table 1) Note that in this parameterization the uptake limitation by gas phase diffusion and transfer through the gas-aqueous interface were neglected. Gas phase diffusion limitation is negligible for the range of Henry's law coefficients of the species studied. This would not be the case if the Henry's law coefficients were substantially larger than those used here. Transport through the gas-droplet interface is dependent on the value of the sticking coefficient a (the probability that after collision a gas phase molecule will remain on the droplet surface). The measurements by George et al. [1992] and DeBruyn et al. [1992] give no indication that a would be small, and thus we neglect gas-droplet interfacial transport limitations.
The cloud volume fraction in each grid box of the model and the liquid water content (LWC) vary seasonally and are derived from NCAR cloud statistics for different cloud types and assumptions on cloud height and liquid water described in detail by Dentenet [1993] . The yearly average liquid water content integrated in the atmospheric column up to the 100-hPa level (g m -2) is shown in Figure 6 . These values agree within Figure 6 . Column-integrated liquid water content distribution (yearly mean values) (g m-2).
ancies may exist. According to the statistics used in the present study, 5-7% of the tropospheric volume is occupied by clouds.
Stratospheric Lifetimes
Losses of HCFCs and HFC-134a to the stratosphere were parameterized using pseudo-first-order loss rates derived from A, using the Henry law coefficients and hydrolysis rates as reported in Table 1 ; B, using 10 times slower hydrolysis rates; C, using 10 times faster hydrolysis rates than in Table 1 . ucts of HCFCs and HFC-134a is closely connected to the presence of the OH radical, the tropics and subtropics are also the areas with the highest abundances of these carbonyl compounds. In Figures 12a, 13a, 14a , and 15a the mixing ratios of COF2, CF3COF, CF3COC1 at 1000 hPa and HCOF at 600 hPa calculated for June (in 2010 for COF2 and 2020 for CF3COF and HCOF) are shown. For the tropics our model yields maximum surface mixing ratios in the low pptv range for COF2 and HCOF and sub-ppt levels for COFC1, CF3COF , and CF3COC1. The highest concentrations are calculated above 7 km in cloudless regions. Figures 12b, 13b, 14b, and 15b show the zonal mean mixing ratios of COF2, CF3COF, CF3COC1, and HCOF. The tropics are also the main regions of deep convective clouds, associated with typical timescales of the order of an hour for the transport from the boundary layer to the high troposphere. Within this period, even for the fastest reacting RCOX species (Table 3) , only a small fraction can hydrolyze in the cumulonimbus (Cb) clouds. Thus a fraction of these oxidation products could even be transported into the stratosphere. However, concentrations of the oxidation products are considerably lower than those of the parent compounds (Table  5) , rendering transport of these species into the stratosphere insignificant.
Since most of the RCOX species are slowly photolyzed, the oxidation of CFCs and HCFCs in the stratosphere may even be an additional source for these species in the troposphere [Kindler et al., 1995; Wilson et al., 1988] . This is not taken into consideration in the present study. For the branching ratio between CF3COF and HCOF formation from HFC-134a oxidation we use the temperature and pressure dependence presented by Wallington et al. [1992] . A 30-35% higher branching ratio for the production of CF3COF from HCFC-134a oxidation, as recently determined by Tuazon and Atkinson [1993] , has also been used to evaluate uncertainties in the CF3COF and HCOF yields. We calculate that 64-71% of the annually oxidized amount of HFC-134a in the model domain (between the surface and 100 hPa), is converted to HCOF, whereas 29-36% gives CF3COF. In the present study, CF3COF , also produced from HCFC-124 oxidation, reaches maximum values above 7 km of about 0.1 pptv.
The calculated concentrations of HCOF strongly depend on the assumptions made for H and kH. Unfortunately, no experimental data are available for this carbonyl compound. In this study we used the hydrolysis rate for CH3COF [Bunton and Fendler, 1966 ] and a Henry's law coefficient of 3 like for CF3COF, which is 1000 times smaller than the Henry's law coefficient for CH20 [Ledbury and Blair, 1925] . Our results, which rely totally on assumptions given in Tables I and 2 indicate that HCOF could build up in the troposphere and low stratosphere. Clearly, measurements of the HCOF hydrolysis rate and Henry's law coefficient are needed to properly assess its importance in the atmosphere.
After hydrolysis in clouds from CF3COF (and from CF3COC1 derived from HCFC-123 oxidation), trifluoroacetic acid (TFA) (CF3C(O)OH) is produced, which is of some environmental concern due to its stability in the environment. It is uncertain, whether TFA will be released into the atmosphere after cloud evaporation (only 10% of all clouds form precipitation), or remain in the aerosol phase. Measurements by Edhey e! al. [1992] indicate some evaporation of TFA from surface films.
Because TFA is a strong acid (pKa = 0.25), it is, in this work, assumed to be removed by wet and dry deposition with rates identical to those of HNO 3 [Dentener, 1993] . At present, there are only two known pathways which can degrade TFA in the environment. In the atmosphere, oxidation of gas phase TFA by OH can lead to some TFA destruction [Mogelberg et al., 1994b; Carr e! al., 1994] ; and Visscher e! al. [1994] found that in certain soils, TFA can rapidly degrade. In this work we calculate, based on the assumption that all TFA is present in the gas phase, that at most, 5% of the TFA can be destroyed by the OH reaction.
In Figures 16 and 17 The photolysis of aldehydes produces halogenated peroxy radicals (CFC1202 and CF2C102) and does not yield PAN-like species (RCHO + hv + 202 -* RO2 + CO + HO2). Absence of experimental data on the quantum yield of these photolytic reactions prohibits determination of the importance of the photolysis of these halogenated aldehydes relative to the reaction with OH. In the present study we assume a quantum yield equal to unity which could lead to an underestimate in the concentrations of the PAN-like compounds. The chemistry of these PAN-like species is simulated by using the reaction and photodissociation rates of PAN. Based on these assumptions, the concentrations of CC12FC(O)O2NO 2 and CC1F2C(O)O2NO 2 calculated here are well below the pptv level. These results could change moderately when reaction and photolysis rates for the specific reactions will become available.
Tropospheric Lifetimes and Environmental Consequences
Oxidation by OH radicals is responsible for the main loss of HCFCs and HFC-134a from the troposphere. The calculated tropospheric lifetimes (Table 3) resulting from oxidation by OH radicals are defined as the ratio of the annual mean tropospheric burden to the annual tropospheric loss by gas phase reaction with OH. With the exception of HCOF, for the RCOX species, hydrolysis in cloud droplets represents the major loss process. Lifetimes resulting from the loss in clouds vary from several days to years depending on the adopted Henry's law coefficients and the hydrolysis rates. As mentioned above, large uncertainties persist on the experimental determination of these coefficients with results from different experimental groups varying by an order of magnitude. In particular for HCOF, no experimental data are available at all. Therefore to test the sensitivity of the hydrolysis rates, we also report in Table 4 the lifetimes of RCOX species calculated for 10 times higher and 10 times lower values of the hydrolysis rates than those reported in Table 1 , which encompasses the uncertainties in the measurements (note that a variation of the Henry's law coefficients would yield very similar results; see (1) and (6)). Table 4 shows that for all the carbonyl species considered, hydrolysis in clouds is the dominant removal pathway. Interestingly, except for HCOF, the lifetimes due to hydrolysis in clouds are not very sensitive to the adopted hydrolysis coetficients. Instead, the lifetimes of these species seem to depend more on meteorological processes like rapid transport into the upper troposphere by deep convection, subsequent downward transport in the high-pressure regions of the Hadley circulation, and finally, incorporation in clouds. When removal by clouds becomes slower, oceanic removal gains importance be- Table 5 values are reported in Table 6 , ranging from 0.014 to 0.166. According to our calculations, HCFC-22 and HCFC-142b could be the most aggressive HCFCs among the replacements toward stratospheric ozone. The other studied species are expected to be 3 to 10 times less effective in transporting chlorine from the troposphere to the statosphere. Note that the CLP of HCFC-134a is, by definition, zero.
Conclusions
We studied the degradation chemistry and removal of the alternative chlorofluoro-and fluorohydrocarbons, HCFC-22, HCFC-123, HCFC-124, HFC-134a, HCFC-141b, and HCFC142b. We showed that application of the oceanic and stratospheric loss parameterizations and precalculated OH fields yields good agreement of calculated CFC-11 and methyl chloroform concentrations with measurements. Calculated and measured mixing ratios HCFC-22 for the period 1980-1992 agree within the uncertainty of the measurements. Lifetimes of the parent HCFCs and HFC-134a range from 1.3 to 20 years with oxidation by the OH radical being the dominant removal reaction. Only minor amounts of the replacements are calculated to be transported to the stratosphere; hydrolysis in the oceans is of minor significance for these compounds.
Using emission scenarios based on future demand and supply [McCulloch, 1993] , we calculate that HCFC-22 will reach a maximum concentration of 190 pptv around the year 2005, the concentrations of all other HCFCs remain below 100 pptv. As mentioned above, large uncertainties are associated with the use of these emission scenarios. The chlorine loading potential of the HCFCs ranges from 0.014 for HCFC-123 to 0.166 for HCFC-142b. Volume mixing ratios of the halogenated carbonyl compounds (i.e., COF2, COFC1, CF3COF, CF3COC1 ) will reach at most a few pptv, and the abundances of the degradation products are, in general, less than 1% those of the parent compounds. A possible exception is HCOF, for which at present the hydrolysis rate and Henry's law coefficient are unknown. Hydrolysis in clouds, and to a lesser extent in seawater, efficiently remove these species from the atmosphere. Organic nitrates derived from HCFCs will not reach substantial concentrations and will not significantly deliver chlorine to the stratosphere. The deposition fluxes of the very stable trifluoroacetic acid (TFA), derived from HFC-134a, and HCFCs-123 and 124, will in the year 2020 reach maximum levels of 2 /xmol/m2/yr (about 1 nmol/L rainwater). Maximum deposition will take place in tropical regions, associated with high oxidation rates of the parent compounds, high cloudiness, and rainfall. It is unlikely that these minor concentrations will be phytotoxic or affect human health.
We estimate that at most, 5% of the TFA can be degraded by the reaction with OH radicals. It is recommended that research on biodegradation in soils will concentrate on wet tropical soils, as these will be receiving maximum TFA deposition fluxes.
